The horizontal optokinetic nystagmus (hOKN) in primates is immature at birth. To elucidate the early functional state of the visual pathway for hOKN, retinal slip neurons were recorded in the nucleus of the optic tract and dorsal terminal nucleus (NOT-DTN) of 4 anesthetized infant macaques. These neurons were direction selective for ipsiversive stimulus movement shortly after birth [postnatal day 9 (P9)], although at a lower direction selectivity index (DSI). The DSI in the older infants (P12, P14, P60) was not different from adults. A total of 96% of NOT-DTN neurons in P9, P12, and P14 were binocular, however, significantly more often dominated by the contralateral eye than in adults. Already in the youngest animals, NOT-DTN neurons were well tuned to different stimulus velocities; however, tuning was truncated toward lower stimulus velocities when compared with adults.
Introduction
The visual system of primates is immature at birth. Biologically relevant movement and objects, i.e., putative food and predators, or in humans, the mother's face are recognized innately shortly after birth, other stimuli can only be processed and learned weeks or months after birth. Supposedly the early "innate" visual processing is accomplished by subcortical structures, whereas "learned" visual processing depends on visual cortex (Sewards and Sewards, 2002) . Visual functions and their underlying cortical machinery improve postnatally at different rates. In human and macaque infants perception of simple motion is present early after birth (Kiorpes and Movshon, 2004) . Perception of coherent motion and pattern motion develops later, i.e., ϳ7 weeks of age and matures through the first year of life in humans Mason et al., 2003) , and between 10 and 18 weeks in macaques (Hall-Haro and Kiorpes, 2008) .
The horizontal optokinetic reflex (hOKR) is a basic mechanism to stabilize the image of the visual environment on the retina. In mammals, its key visuomotor interface is the nucleus of the optic tract and the dorsal terminal nucleus (NOT-DTN). Their direction selective neurons receive visual information directly from the contralateral eye and, in primates, also from the ipsilateral eye and indirectly via visual cortical areas. Retinal slip cells in NOT-DTN code the velocity error between stimulus displacement and eye movement in a direction-selective ipsiversive manner, i.e., cells in the left NOT-DTN are activated by stimulation to the left and vice versa. They project to the nucleus prepositus hypoglossi, the inferior olive and the dorsolateral pontine nucleus, and via the cerebellum and the deep cerebellar nuclei to the oculomotor nuclei (Simpson et al., 1988; Mustari et al., 1994; Büttner-Ennever et al., 1996) .
Developmental studies in cats and primates indicate that hOKR is asymmetrical during monocular viewing (mhOKR) early after birth but reaches symmetry some weeks or months postnatally (Van Hof-Van Duin, 1978; Atkinson, 1979; Malach et al., 1981; Naegele and Held, 1982) . In macaques mhOKR can be elicited in temporonasal and, albeit much weaker, also in nasotemporal direction already 3 d after birth. At lower stimulus velocities, symmetry of mhOKR develops gradually at 2-5 weeks of age, at higher velocities at 12 weeks or later (Distler et al., 1999) . No sudden increase of symmetry occurs at a certain age as in cat (Van Hof-Van Duin, 1978) , or as expected due to the sudden maturation of the cortical pathway for motion analysis at 3 months of age (Distler et al., 1996) . In cats, at 3 weeks of age when mhOKR can only be elicited in temporonasal direction NOT-DTN neurons are exclusively driven by the contralateral eye. By 4 weeks of age, mhOKR becomes bidirectional and many NOT-DTN cells become binocular probably due to a maturing binocular cortical input (Distler and Hoffmann, 1993) , a prerequisite for symmetrical OKR.
In the present study we correlate the neuronal response properties of NOT-DTN neurons and cortical input in infant macaques between 1 week and 2 months of age with the development of OKR.
Materials and Methods
Animals. All experiments were approved by the local authorities (Regierungspräsidium Arnsberg) and were performed in accordance with the Deutsche Tierschutzgesetz of April 12, 2001, the European Council Directive of November 24, 1986 (S6 609 EEC) , and the National Institutes of Health guidelines for care and use of animals for experimental procedures.
Data were collected from four infant macaques of both sexes, three Macaca mulatta at postnatal day 9 (P9), P12, P60, one M. fascicularis at P14, and 6 adults. The data from the adults were in part used in earlier publications but reanalyzed for the present study (Hoffmann and Distler, 1989; Hoffmann et al., 1991 Hoffmann et al., , 2009 ). The infant rhesus monkeys were born in our animal facility of the Department of Zoology and Neurobiology, the cynomolgous monkey was purchased from a local breeder (Covance).
Surgery. The animals were initially treated with 0.1 mg/kg atropine sulfate and anesthetized with 25 mg/kg ketamine hydrochloride. In the P9 and the P12 animals ketamine was supplemented with 0.8 mg/kg xylazine (Rompun). After local anesthesia with xylocaine the animals were intubated, and an intravenous catheter was introduced into the saphenous vein. The animals were placed in a stereotactic frame and artificially ventilated throughout the experiment with nitrous oxide/oxygen as 3:1 and 0.3-1% halothane as needed. In the adults we used nitrous oxide/oxygen as 3:1 supplemented by pentobarbital (1 mg/kg/h). Considering that pentobarbital at dosages rather higher than the one used in our early experiments has a mostly depressing effect on neuronal activity (Olds and Ito, 1973; Hyvärinen et al., 1979; Kaitin, 1985; Chen and Godfrey, 2000; Cechetto et al., 2001; Wang et al., 2010) it seems unlikely that differences in response properties, e.g., concerning stimulus driven activity, direction selectivity, or velocity tuning of infant and adult monkeys (see below) could be attributed to different anesthesia.
Deep analgesia was ensured by a bolus of 3 g/kg fentanyl followed by an infusion of 3 g ⅐ kg Ϫ1 ⅐ h Ϫ1 fentanyl in the infant but not in the adult monkeys. This dosage is habitually used in a variety of species and has been shown not to cause any systematic alterations in response properties in superior colliculus and visual cortex (e.g., cat : Grewing, 2004; ferret: Kalberlah et al., 2009 monkey: Logothetis et al., 1999; Riecanský et al., 2005) .
Body temperature, heart rate, SPO 2 , and end-tidal CO 2 were monitored and maintained at physiological levels. Corneae were protected by contact lenses chosen with a refractometer (Rodenstock) to focus the eye on the screen. After additional local anesthesia with bupivacaine hydrochloride (Bupivacain, Jenapharm) the skin overlying the skull was cut and craniotomies were performed to allow access to primary visual cortex (V1), to the middle temporal area (MT), and to the superior colliculus (SC) and pretectum. After completion of all surgical procedures the animals were paralyzed with alcuronium chloride (Alloferin).
Electrical stimulation. Electrical stimulation consisted of single pulses 100 -200 s wide at stimulus strengths between 0.07 mA and 1.0 mA delivered via pairs of concentric stimulation electrodes (P9, P12, P14) or low impedance tungsten in glass microelectrodes (P14, P60). The spread of electrical current depends on the strength of the current, the resistance of the electrode, and the excitability constant. An estimate of the spread of the effects of electrical stimulation with the currents used can be deduced from an equation given by Asanuma and Sakata (1967) for monopolar intracortical stimulation of pyramidal tract neurons. A cathodal pulse of 0.1 ms duration and 0.5 mA current would excite cells as well as axons up to a distance of 0.5 mm. We assume that the layer V pyramidal cells projecting to the NOT-DTN would behave similarly. A direct measurement in cat visual cortex indicates that effective current spread amounts to ϳ200 m at currents of 200 A (Ronner et al., 1981; Nowak and Bullier, 1996; Tehovnik et al., 2006) . Thus, we estimate the current spread in our experiments to amount to maximally 1000 m around the electrode. Two electrodes were placed in the operculum in the parafoveal representation of V1 (P9, P12, P14, P60), and one in area MT (P14, P60) after recording the characteristic direction selective activity of MT neurons. The correct position of the stimulation and recording sites was verified histologically in Nissl-or Klüver-Barrera-stained sections.
Visual stimulation. In the early experiments (P9, P12) full field visual stimuli consisted of random dot patterns projected onto a tangent screen via a slide projector. The patterns could be moved along linear or circular paths by a galvanometer-driven double-mirror system (Hoffmann and Distler, 1989; Hoffmann et al., 2009 ). In the later experiments (P14, P60) random dot patterns were created with NEUROSTIM and presented on a 100 Hz computer screen in front of the animal. The patterns were chosen or adapted according to the neurons' requirements to yield maximal responses. In adults both stimulation methods were applied in the same study on MT-MST neurons without yielding any obviously different results .
Data analysis. Peristimulus-time histograms were analyzed using homemade programs written in MATLAB (The MathWorks, Inc.).
To judge a cell's direction selectivity, the response strength (spikes/s) during stimulation in the preferred direction (PD) and the non-preferred direction (NPD) was compared, and a direction selectivity index (DSI) was calculated as follows: DSI ϭ (PD Ϫ NPD/PD) ϫ 100. DSIs close to 100 indicate high, indices close to zero indicate low direction selectivity.
The ability of both eyes to drive individual neurons in the NOT-DTN was assessed by assigning the cells to one of 5 ocular dominance (OD) groups based on their response to monocular stimulation of the ipsilateral (ip) and contralateral (co) eye. An OD index was calculated as follows: OD ϭ (co-ip)/m, with m being the larger response. In OD group 1 (OD Ն 0.9) and 5 (OD Յ Ϫ0.9) neurons are exclusively driven by the contralateral (ipsilateral) eye. Group 2 neurons (OD 0.3-0.89) (group 4, OD Ϫ0.3 to Ϫ0.89) are dominated by the contralateral (ipsilateral) eye but in addition receive input from the ipsilateral (contralateral) eye. Group 3 neurons receive equal input from both eyes (OD 0.3 to Ϫ0.3).
Statistical analysis (Kruskal-Wallis one-way ANOVA by ranks, Dunn's multiple-comparison and 2 test) was performed with SigmaStat 3.1 and GBstat 10.1, figures were prepared using SigmaPlot 8.0.
Results
In the present study we recorded 134 retinal slip cells in the NOT-DTN of 4 infant macaques aged P9, P12, P14, and P60, and compared their response properties with our data from adult monkeys (Hoffmann and Distler, 1989; Hoffmann et al., 1991) . In addition, we investigated the cortical input arising from areas V1 and MT to retinal slip cells by means of orthodromic electrical stimulation. Table 1 summarizes the data base of the study.
Direction selectivity
High direction selectivity for ipsiversive stimulus movement is characteristic for retinal slip neurons in the NOT-DTN of all adult mammals investigated so far, including the monkey. Here we show that in infant monkeys, NOT-DTN cells were already direction selective for ipsiversive movement (PD) shortly after birth (P9). Examples of direction selective responses in the 1-week-old ( Fig. 1 A) , a 2-week-old ( Fig. 1 B) , and the 2-month- P9  19  9  18  18  10  12  0  P12  37  8  29  33  20  32  0  P14  42  14  23  25  20  42  42  P60  36  17  22  24  21  33  33  Adult  94  21  39  94  29  32  89 Summary of the number of recorded NOT-DTN cells and the number of cells tested for various parameters: velocity tuning (v-tune), OD, DSI, visual latency (vis. lat.), and electrical stimulation in V1 and MT.
old infant monkey ( Fig. 1C) are given in the polar plots in Figure  1 . Filled symbols and continuous lines indicate the stimulus driven activity, open symbols and dotted lines the spontaneous activity. Note that from 2 weeks onward activity is clearly depressed below spontaneous levels when the stimulus moves in In A, the spontaneous activity was recorded in a separate histogram, whereas in B and C, the histogram was divided in spontaneous activity plus activity during movement in one plus activity during movement in the opposite direction. Thus, for the polar plots the spontaneous activity in the histogram of the appropriate stimulus direction was used. Numbers at the outer circle of the plots represent stimulus direction in degrees, numbers along the cardinal axes indicate neuronal activity in spikes/s.
contraversive directions (NPD). However, there were significantly less neurons with a high DSI (DSI ϭ (PD Ϫ NPD/PD) ϫ 100) than in the adult (Kruskal-Wallis, p ϭ 0.018). Figure 2 demonstrates the frequency distributions of DSIs in the 1-weekold (P9, median DSI ϭ 61; Fig. 2 A) , the 2-week-old (P12, median DSI ϭ 80, P14, median DSI ϭ 64.9, P12 ϩ P14, median ϭ 75.5; Fig. 2 B) , the 2-month-old monkeys (P60, median DSI ϭ 70.4; Fig. 2C ), and in adults (median DSI ϭ 77.4; Fig. 2 D) . Data were taken from 4 adults: medians ϭ 74.3, 88.1, 76.7, and 69.2. A pairwise multiple-comparison procedure showed that only the data of the 1-week-old animal differ significantly from the adult animals (Dunn, p Ͻ 0.05). The differences between the infant monkeys as well as between the adults were not significant. Thus, the direction selectivity index becomes adult-like as early as within the first 2 weeks of life although at a significantly lower activity level (see following paragraph). We also compared the DSIs during monocular stimulation of the contra-and the ipsilateral eye. Even though DSI was slightly higher during stimulation of the contralateral eye in 3 of the 4 infants and the adults this difference was never statistically significant (Mann-Whitney rank sum test ( p ϭ 0.3-0.07)).
Maximal stimulus driven activity
Even though retinal slip cells were already direction selective in early infancy their maximal stimulus driven activity, i.e., the response vigor during stimulation in their preferred direction and preferred speed was significantly lower than in adult monkeys (Kruskal-Wallis one-way ANOVA, p Ͻ 0.0001). Fig. 3 ). However, the values of 5 of the 6 adults were significantly higher than the values of any of the 4 infants ( p Ͻ 0.05). For one adult the differences did not reach significance although its median was Ͼ1.5 times higher than any median of the infants. The frequency histograms in Figure 3 clearly show that in infant monkeys few cells (15%) produced discharge rates Ͼ70 spikes/s (Fig. 3A-C) , whereas in adults many cells (Ͼ50%) discharged at Ͼ70 spikes/s (Fig. 3D) . Another way to compare the responsiveness of NOT-DTN cells in different age groups is to consider the dynamic range between minimal and maximal stimulus driven activity. In the infant animals the medians of this range are similar with 15 spikes/s in the 9-d-old, 21 in the 2-week-old and 24 in the 2-month-old animal. In 4 adults median values of 50 -60 spikes/s were reached. The values of the 1-and 2-week-old animals are significantly lower than those in the adults (Dunn's multiple comparison, p Ͻ 0.05). The difference between the 2-month-old animal and adults is not any more significant.
Visual latency
The visual latency is a measure of how brisk retinal slip cells react to the onset or change in the direction of stimulus movement. For this analysis only neurons with a high DSI index and a clearly detectable change in ongoing activity due to a change in stimulus direction were selected (n ϭ 102). In infant monkeys visual latencies ranged from 90 ms to Ͼ200 ms (Fig. 4 A-C) (P9: median 183.5 ms, P12: median 187.5 ms, P14: median 153.5 ms, P12 ϩ P14: median 166.5 ms, P60: median 175 ms). These values were not different among the infants but significantly longer than visual latencies in adult NOT-DTN (Fig. 4 D) (adult: median 59.9 ms, Kruskal-Wallis, p Ͻ 0.001). Thus, the visual responses were
rather sluggish in all infants tested and became brisker only during further maturation.
Velocity tuning
Retinal slip neurons reacted to visual stimuli moving at various velocities at all ages tested (Fig. 5) . The range of effective stimulus velocities leading to significant discharge differences in opposite directions varied between 0.1°/s and Ͼ160°/s in adults (Fig. 5C ) but was more restricted to moderate velocities (2-40°/s) in infants (Fig. 5 A, B) . In fact, velocities below 1°/s did not lead to a significant elevation or depression of the ongoing activity. This finding was especially evident if one considered the neuronal modulation (Fig. 5, open circles) , i.e., the difference between the neuronal activity during stimulation in the preferred (solid dots) and the non-preferred (solid triangles) direction. Overall the tuning curve based on neuronal modulation in infants was significantly lower in amplitude ( p Ͻ 0.01 in Dunn's multiple comparison) and different in shape from that of adult monkeys ( p Ͻ 0.001 in a 2 test comparing the infant values to values expected from the adult values). In 1-to 2-week-old animals ( Fig.  5A ) and in the 2-month-old animal modulations Ͼ20 spikes/s were reached only at velocities ϳ10°/s (Fig. 5B ). For comparison, in adults velocities ranging from 1°/s to 160°/s yielded neuronal modulations well above 20 spikes/s (Fig. 5C ). In conclusion, shortly after birth and up to 2 months of age NOT-DTN neurons are most sensitive to stimulus velocities in the preferred range of adults (10°/s). Only during further maturation, the range of effective velocities extents to very low and higher velocities and the neuronal modulation becomes stronger.
Ocular dominance
Binocularity in the NOT-DTN has long been considered the prerequisite for symmetrical mhOKR. Unexpectedly and different from kittens, the great majority of retinal slip cells received input from both eyes already at 1 week of age (Fig. 6) . Nevertheless, in the 1-to 2-week-old animals ϳ50 -60% of the neurons were dominated by one eye (OD groups 1, 2 and 4, 5) with a strong bias for the contralateral eye (ratio contra/ipsi ϭ 6:1) (Fig. 6 A, B) . In the 2-month-old animal this ratio is only 2:1 (Fig. 6C ). By contrast, in adults only 25% of the neurons in the NOT-DTN were not equally driven by both eyes (Fig. 6 D) . Thus, even though most NOT-DTN neurons receive input from both eyes already shortly after birth this binocular input becomes balanced between the contra-and ipsilateral eye only at an age of Ͼ2 months (Kruskal-Wallis one-way ANOVA, p Ͻ 0.05, or 2 test for equal OD distributions for infants and adults, p Ͻ 0.01).
Cortical input to the NOT-DTN
Binocular convergence in the NOT-DTN can be achieved, first, by a bilateral retinal input or, second, by binocular cortical projections. Thus, we used orthodromic electrical stimulation to investigate the presence and efficiency of cortical projections arising from primary visual cortex V1 and from motion-sensitive area MT. In the P9 animal we were not able to elicit orthodromic potentials either in the SC or the NOT-DTN even though the receptive fields of the cortical stimulation sites were in register with the SC and NOT-DTN receptive fields.
In the 2-week-old animals electrical stimulation of V1 yielded orthodromic potentials in 41% (P12) and 61% (P14) of the NOT-DTN neurons tested. Success rates for pretectal units that were recorded close to (mostly below) the direction selective NOT-DTN neurons and for SC neurons were similar. The success rate for NOT-DTN neurons in the 2-month-old animal amounted to 64%, and for pretectal units other than NOT-DTN to 83%. In adults, 72% of the NOT-DTN neurons tested could be activated by electrical stimulation in V1. Although the trend shows clearly an increasing success rate with age the differences between the infants and adults were not statistically significant ( 2 , p Ͼ 0.1). In the 2-month-old animal and in adults SC neurons were not tested on a regular basis.
In the P14 and the P60 animal we in addition electrically stimulated the cortical motion-sensitive area MT. In the 2-week-old infant 96% of the NOT-DTN neurons and 70% of other pretectal neurons tested could be activated from MT. In the 2-month-old monkey orthodromic potentials could be elicited in 88% of NOT-DTN and in 33% of other pretectal units. In adults, the success rate of MT stimulation was 80% for NOT-DTN neurons. Thus, the proportion of NOT-DTN neurons with input from MT seems to be adult-like already at 2 weeks of age, whereas the proportion of NOT-DTN neurons with input from V1 becomes adult-like a little later, certainly within 2 months after birth. An additional way to estimate the efficiency of electrical stimulation was to determine for the successfully stimulated subpopulation of NOT-DTN neurons how many action potentials were elicited per electrical pulse, e.g., 1 action potential for each pulse would amount to an efficiency of 100%. It was evident that V1 stimula- tion elicited less spikes per pulse than MT stimulation. This was true for all age groups (2 weeks: V1 50%, "low probability," MT 100%, "high probability"; 2 months: V1 41%, MT 71%; adult: V1 60%, MT 100%). Thus, the input to individual NOT-DTN neurons was always stronger from MT than from V1.
Orthodromic latencies of NOT-DTN neurons after V1 stimulation were significantly longer in infants than in adults (2 weeks: 13.3 ms Ϯ 7.6, median 10 ms; 2 months: 7.1 ms Ϯ 1.3, median 7 ms; adult: 3.5 ms Ϯ 0.8, median 3.5 ms, Dunn's Method, p Ͻ 0.05). Also after MT stimulation orthodromic latencies were significantly longer in 2-week-old infants but were comparable to adults in the 2-month-old animal (2 weeks: 8.0 ms Ϯ 3.0, median 7.0 ms; 2 month: 3.45 ms Ϯ 1.3, median 3 ms; adult: 2.8 ms Ϯ 0.6, median 3 ms; Dunn's Method p Ͻ 0.05). The frequency distributions shown in Figure 7 demonstrate that in the 2-week-old animals a wide range of orthodromic latencies occurred after stimulation in V1 (Fig. 7A) and MT (Fig. 7B ). This range of latencies shifted toward shorter latencies in the 2-month-old monkey and in adults.
Relating electrophysiological and behavioral data
To directly relate our electrophysiological experiments (this study) with longitudinal behavioral experiments in other individuals (Distler et al., 1999) we calculated a neuronal asymmetry index comparable to the OKR asymmetry factor used in the behavioral study. We have hypothesized that the output of the neurons in the left and right NOT-DTN functions in a push-pull manner to drive OKR, i.e., the difference in activity between the left and the right NOT-DTN determines the direction and strength (gain) of the slow phase eye movements of the OKR during visual stimulation (Hoffmann, 1982) . Since we never recorded from both NOT-DTNs simultaneously the following assumption was made. Recording from neurons in one NOT-DTN and stimulating each eye with leftward and rightward movements leads to the 4 NOT-DTN activity values necessary to calculate the neuronal equivalent of the gain of OKR: activation by the contralateral eye (A), suppression by the ipsilateral eye (B), activation by the ipsilateral eye (C), suppression by the contralateral eye (D). If we assume the neurons in the two nuclei to behave in a mirror symmetric way, which is supported by all physiological data reported so far, we can use our data to estimate the effective activity differences between the 2 NOT-DTN populations driving the OKR. During monocular optokinetic stimulation the activity difference (A-B) between the activated contralateral NOT-DTN and the suppressed ipsilateral NOT-DTN would drive slow phase of OKR in temporonasal direction and the activity difference (C-D) between the activated ipsilateral NOT-DTN and the suppressed contralateral NOT-DTN would drive OKR in nasotemporal direction. A neuronal asymmetry index calculated as [(A-B)-(C-D)]/(A-B) should be equivalent to the asymmetry index of monocular OKR [(temporonasal gain) Ϫ (nasotemporal gain)]/(temporonasal gain) published by Distler et al. (1999) .
These neuronal asymmetry indices were derived from neuronal activity at the best stimulus velocities and OKR asymmetry indices from the average over the velocity range tested because it was impossible to deduce the retinal slip velocity from the stimulus velocity minus the eye velocity with EOG recordings (see Distler et al., 1999, their Fig. 4 ). These indices are plotted against the age of the respective animals in Figure 8 . There is a close correspondence between the activity asymmetry determined electrophysiologically and the mhOKR asymmetry determined behaviorally. This result seems difficult to reconcile with the ocular dominance distribution and velocity tuning at first, especially the difference between the ages of 2 weeks and 2 months. Note, however, that OD is calculated only from the activation of a neuron by the contra-and ipsilateral eye and velocity tuning from the modulation only by the contralateral eye, whereas the asymmetry index compares activation and suppression of neurons via the contra-and ipsilateral eye in the two NOT-DTNs. There is a clear increase in activation from the ipsilateral eye (23% in the 2-month-old versus 15% in the 2-week-old; Fig. 6C ) and a stronger suppression in the null direction (Fig. 5B ) (p Ͻ 0.01 in an U test) in the 2-month-old animal which could explain the decreased asymmetry index compared with the 1-to 2-week-old animals.
Discussion

Maturation of the optokinetic reflex and NOT-DTN
In the present study we show that basic response characteristics of retinal slip cells in the NOT-DTN such as direction selectivity and binocularity are already present shortly after birth. Maximal stimulus driven neuronal activity, responses to various stimulus velocities, and latencies to onset of visual motion undergo significant changes early postnatally.
Cortical input to the NOT-DTN arising from V1 and MT is present at latest at 2 weeks of age, orthodromic latencies shorten, and frequency of elicited spikes per electrical pulse increases during further development indicating an increase in conduction velocity due to myelination and higher synaptic efficacy, respectively.
In a longitudinal study we showed that at P3 mhOKR is bidirectional in infant macaques. Symmetry of mhOKR, however, i.e., equal gain of mhOKR to temporonasal and to nasotemporal stimulus direction is achieved later. At low velocities (10 -20°/s), symmetry is reached at 3-5 weeks of age; at higher velocities (40 -80°/s), however, only after 5 months of age (Distler et al., 1999) . In the present study the differences in the neuronal population responses of the two NOT-DTNs between monocular stimulation in nasotemporal and temporonasal direction were as asymmetrical as the OKR gains measured behaviorally at corresponding ages.
A similar study in kittens demonstrated a striking temporal coincidence between onset of OKR symmetry, onset of binocular responses in the NOT-DTN, and onset of functional connections of cortical projections to the NOT-DTN (Distler and Hoffmann, 1993) . Lesion studies in primates demonstrate the relevance of striate and extrastriate visual cortical areas for unperturbed slow eye movements and symmetric mhOKN (e.g., Ter Braak and Van Vliet, 1963; Lynch and McLaren, 1983; Zee et al., 1987; Dürsteler and Wurtz, 1988) . As we failed to reveal a cortical input to the NOT-DTN at P9, binocularity in the NOT-DTN up to this age should indeed originate from the direct projections of retinal ganglion cells from both eyes (Ballas et al., 1981; Kourouyan and Horton, 1997; Telkes et al., 2000) . However, already at P12 and P14, we could convincingly demonstrate a direct cortical projection to the NOT-DTN arising from V1 and even more strongly from MT which, however, did not increase binocular balance at once, i.e., a large proportion of neurons was still dominated by the contralateral eye. Balanced binocularity in the infant NOT-DTN was not even seen at 2 months of age and therefore probably develops in visual cortex during a long period of visual experience. NOT-DTN neurons were direction selective already at P9. We assume that this subcortical direction selectivity originates from direction selective ganglion cells in the retina present at birth like in other mammals (Hoffmann, 1983; Hoffmann et al., 1995; Elstrott et al., 2008) . The increase in the direction selectivity index at 2 weeks of age, however, could be due to maturation of local circuits, e.g., GABAergic inhibition, and/or cortical input.
Similar to our results in the NOT-DTN, Movshon et al. (2003) demonstrated that direction selectivity of neurons in cortical area MT was present 1 week after birth. Interestingly, maximal stimulus driven activity was lower in the NOT-DTN of infant monkeys than in adults (our study) but was significantly higher than in MT most prominently in the 1-to 4-week-old animals (Movshon et al., 2003) . Visual latencies of MT neurons were substantially longer in the 1-and 4-week-old animals than in adults and very similar to our values in NOT-DTN at similar age (Movshon et al., 2003) .
The lower firing rate in infant NOT-DTN neurons could be caused by various factors. Immature ion conductances preclude action potentials to be created at higher frequencies (Rothe et al., 1999) . In visual cortex, the transient neuronal responses in V1 and V2 are adult-like shortly after birth, whereas the sustained component is not probably due to synapse depression and immature membrane properties (Shaw et al., 1991; Markram and Tsodyks, 1996; Abbott et al., 1997; Ferster, 1997, 2000) . As formation of the fovea occurs prenatally in macaques (Kirby and Steineke, 1992; Provis et al., 1998) it is unlikely that retinal maturation plays a crucial role in the changes of response properties observed in the present study (but see Jacobs and Blakemore, 1988) .
We interpret the observed changes in response properties of NOT-DTN cells in infant macaques as a neuronal phenomenon. However, the optics of the eye are quite immature early after birth in macaques (Hung et al., 1995; Qiao-Grider et al., 2007) . We tried to optimize the optics of our animals with contact lenses chosen with a Rodenstock refractometer. We did not measure the spatial frequency sensitivity in the infant NOT-DTN neurons. Behavioral data, however, suggest that spatial frequency sensitivity develops over the first year of life and therefore very likely was immature in our infants (P9 -P60) (Boothe et al., 1988) . We ameliorated this effect by adjusting the coarseness of the stimulation patterns.
Together, important properties of neurons in the NOT-DTN were qualitatively almost adult-like shortly after birth in infant monkeys. Cortical lesion and inactivation studies in adult primates and human infants indicate that subcortical mechanisms enable infants to perform a clear nasotemporal component during mhOKR already at P3 in monkeys (Distler et al., 1999) and human infants before 10 months of age (Morrone et al., 1999) . The further maturation of NOT-DTN response properties seen as increase in peak activity, shortening of visual latencies and strengthening of the input of the ipsilateral eye leading to an improvement of the mhOKR during nasotemporal stimulation can probably be attributed to the maturation of cortical areas and their projections to the NOT-DTN. The long time course might correspond to the prolonged process of myelination and local circuit formation in primate cortex as revealed histologically and with magnetic resonance imaging (Rodman, 1994; Condé et al., 1996; Gogtay et al., 2004; Kourtzi et al., 2006; Malkova et al., 2006; Deoni et al., 2011) . Interestingly, area MT like primary sensory areas shows adult-like immunohistochemistry within the first postnatal month (Bourne and Rosa, 2006) . In the motor system conduction velocity becomes adult-like only at 11 months of age (Armand et al., 1994) .
Altogether, there is a remarkable similarity in the development of response characteristics in the NOT-DTN and MT. Already at 2 weeks of age a cortical projection originating especially from MT could reliably be demonstrated underpinning MT's early functional contribution to OKR. Electrical stimulation of MT always yielded stronger orthodromic responses than stimulation of V1 thus corresponding to our anatomical results in adult monkeys that identify MT as the main source of cortical input to the NOT-DTN (Distler and Hoffmann, 2001; Distler et al., 2002) .
Maturation of OKR compared with other visual functions
In general, behavioral development can be linked to the maturation of certain cortical areas. In monkeys, stereopsis starts to develop at ϳ8 weeks of age (O'Dell and Boothe, 1997) . Spatial discrimination (grating acuity) and positional discrimination (vernier acuity) develop over the first 8 -10 postnatal months but at different rates (Kiorpes and Movshon, 1989) . In V1 and V2 the transient but not the sustained component of neuronal firing is adult-like soon after birth . The temporal response properties and contrast sensitivity develop at 4 -8 weeks after birth (Zheng et al., 2007) . Ocular dominance distribution and the number of disparity-sensitive neurons is adult-like shortly after birth, but their optimal spatial frequency is significantly lower than in adults thus limiting binocular depth perception (Chino et al., 1997; Maruko et al., 2008) . Direction selectivity is poor, with a nasotemporal bias at 1 week but rapidly improves during the first 4 weeks. Thus, these properties do not match well or are even opposite to the properties of NOT-DTN neurons (Chino et al., 1997; Hatta et al., 1998) .
Object recognition memory is present at 4 months of age (Bachevalier and Mishkin, 1984) matching the adult-like glucose consumption in the cortical pathway for object recognition at that age . Further maturation lasts for several months after birth (Webster et al., 1991; Rodman, 1994) . Glucose consumption in the cortical pathway for motion analysis was adult-like at 3 months of age. However, this developmental time course was neither reflected in the development of OKR symmetry (Distler et al., 1996 (Distler et al., , 1999 nor of basic response properties of MT neurons (Movshon et al., 2003) . Detection of coherent motion occurs ϳ2 weeks of age, perception of moving plaid patterns starts only at ϳ3 months of life. Both improve significantly over the first year of life (Kiorpes and Movshon, 2004; Hall-Haro and Kiorpes, 2008) .
Thus, maturation of various visual functions seems to mirror maturation of mainly cortical circuits as well as myelination of the brain. Investigating OKR in early infancy can serve as a viable method with high predictive power for normal or abnormal development of subcortical and cortical properties in the pathways analyzing visual motion in primate and human infants.
